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I. [OTRODULCTION
I. JEALS THEORY -~ QRAVITATIONAL INSTABILITY
L. JYNAMICS OF LINEAR TERTURBATIONS
IN EXPANDING UNIVERSE

. ConelLuUS(ONS



The isotropic universe Katrin Heitmann

e COsmic Background Explorer, 1992

Sky map of the background radiation
scale: -100 uK to 100 uK
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I. mwTRODULCTION

e REAL WUNIVERSE CONTAIVS [INHOMOCENEOUS
STRUCTURES: CALAXIES, CLUSTERS ...

® OHERE Do INHOMOGENEITIES CDME TROM 2

e How) CAN (e DESCRIBE A MECHANISN Folk FoRMATION

® ASSUME: SOME TIME (N THE PAST: SMALL DEVIATIONS

TRom HOMOCEWMEITY

¥

JeviaTions GROW e To CRAVITATIONAL /WSTABK

i

EVERTUALLY: TFoRAM CALAXIES, CLUSTERS ...
e AS ONGC AS INHOMOGENEITIES ARE sSmALL:
=2 LINEAR PERTURBATION THEORY

o [T NOT : NONLINEAR EVolLuTioN !



NOMNLINEAR PROCESSES
®* MODERN COSMOLOGIST:
sCOMTROMVT PREDICTIONS «» OBSERVATIONS
® ASTRONOMER  SEES:
eRESULT OF MNOWULIVEAR (RAVITATIONAL
EVoLWTioON
e CLUSTERS OF CALAXIES THouSANDS OF
TIMES DENSER THAN MEAN
e DENSITIES OF CALAXIES MiLL|ovS

TIMES THE AVERAGE



= UNDERSTANDING OF PROCESSES
THAT MODIFY SIMPLE LINEAR

EVvoLuTioN (CROWTH LAWS IS

VERY IMPORTANMT !/
¢ BRUTE FORCE: MUMERICS
LARCE # OF TARTICLES, QIVE SMALL

INITIAL PERTURBATIONS




e HERE : LINEAR PERTURBATION THEORY

e APPROACH ASSUMES EXISTENCE OT SmALL

IVHOMOKRENEITIES AT SomE INITIAL TiME

« CoMPLETE MODEL SHould ALSo TRodDULE

THESE INHOMOLENEITIES

= LATER N Cosmo @T8 /!



Ir. JEAIOS' THEORY -~ CRAVITATIONAL [MOSTARILITY

« BECILDING OF LAST CENTURY:
JEARS IVVESTICATES ToRMATIOO OF STARS
¢ FIvDS CRAVITATIOVAL aenms IVSTABILITY
cCONVERSTOVE OF MoDEL FoR ORIC.IL OF
CALAXIES AND LARCE SCALE STRUCTURES
© START: HoMoGENEOWS, SOTROPIC FLWD
*> SMALL TLUCTWATIONS IV DENSITY So,
VELOCITY &G, CAN EVOWVE 10 TIKE
®* STATIC BACKCOROUND, No EXPANSION
= 33 GROWS WITH TIME IF STARILISING
EFFECT OF o <« TEMDENCY OF SELFCRAVITY

(o) 4 63 To INDUCE ColLAPSE



» EASY To WWDERSTAND:

» (RAVITY IS ATTRALTIVE FoRCE

= AS LONGL AS P IS SMALL : OVERDENSE TREGION
ACCRETES MATERIAL FROM SURROULNDING

e BECOMES MORE DEMNSE

= THE JDENSER, THE MORE ACCRETES

=> COLLAPSE OF TFLUCTUATION To GQRAVITA TrolALLY
Bound OBjeECT !

CRITERION TFoR CROWTH OF TFLUCTUATIONS:

LENCTH SCALE OF FLUWCTUATION > ;la
o OHAT I8 }\a : JEANS WAVELENCTH 2
o CONSIDER: DYNAMIcS OF SELFCRAVITATING FLI)

STATIC RALCKCROUND



eNOW : PERTURR EQUATIOMNS:
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o PLUG 1O ...
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« CONSIDER TIME-DEPENDENT SoLUTION (WO
MY=> 2.0, ADABATIC TPERTUREBATIONS
() »> -V O RESOLVE 13To COMPONENTS
() o LV : VORTICAL MODES, UxJT #0
No TPERTUBATIONS To DEMSITY
(b) e WV : LoWGITUDINAL MODES
w w8, + RV =0
wV ¢+l b, +le® =0
lkE +47Gp &, 0

ONLY NonN- 2ERo SoLWTioN, ¥ det =0

w JISPERSION - RELATION: Iw‘ S A S ‘J‘.’

e (OMPARE WITH: WSPERSION-RELATION TFoR

LONGITUWDINAL ELECTRoSTATIC OSClLL ATIONS

IV PLASMA



wz = U;’k" - "”I’G.g.

W Ofle + YTTme e‘/u

® c‘ 2 Guwt e MINUS : ATTRACTIVE NATUR
OF CRAVITATION

® MINWS : CRAVITOSTATIC" WAVES HAVE INSTARILITY
e TOO TYPES OF SOLWTION :

]
Arlr/k o 0w ?-';-23 -lHrC$

w A u,r:; z Aa ;)EADS WWAVELE

e DISPERSION - RELATION IN TERMS OF Ad.-




.A<Aa W QEAL

=® %‘8 = & n.xp C‘(E:tlwlt)]
67«3 R o & [1-(3) " [: (& lote]

S = -4, v, (?‘a] axp [ (R3¢ holt)

«TWO SOUNDWAVES /N DIRECTION *h

» PAASE VELOCITY TENDS To 2€R0 FoR A— ),

® A )\a i w CoOMPLEX

7‘3__—_‘——\

W = tc.(%TC.g.)v‘[l "’ﬁm thmcs)“[: (-J) ‘]J

Atun L‘

® CHARACTERISTIC TImME-SCALE:

T=lw!™ = (¥ Cs.)-',‘ [I - (-A;‘[)l].y'
INSTABILITY )

T DIVERCENT FoR A2,



‘A)}az

és{- = 60 exp [LE-:? tlult]

§G =3¢ -E—&, (4 c:s,)"‘[u-(?)"] l‘up [il:i-'tlwh&j'

f¢ =-& 05 (%Y“P [ce-? ¢ lule]

¢« NoN - PROPALATING SoLuTioN (sTaTionARY
WAVE) WITH INCREASING O©OR DECREASING
AMPLITWIE

+ DHAT To Do AROUT (NSTABILITY ¢

" EXPANSION OF THE UNIVERSE |



IL. DYVAMICS OF LINEAR TPERTURRBRATIOUS

Yol HAVE To DEAL
WITH LWEARIZED CR!)

BUT WATCH et AMd ) é:ﬁ }

e
( DON'T SCREW WP ! THWK ~ \(

)
ABour GAWGE 1MVA ?.IAIJCE,',\ v-" )

DON'T LISTERN To Hi)
ESSERTIAL THYSICS CAM \
BE EXTRACTED OUT oF )
—1 MY THEORY ! REMEMBER:

(‘ SMALL PERTURBATIONS
IMPLY WEAK GRAVITATIONA

JIELDS ! _/%.—-J

W



OHO IS RIGHT C

@ ENSTEIN
e CONSIDER TPERTURBATIONS OF
METRIC Qoup L — 4 () + 83,“ ()

SOQQCE : Tq“ (\t\ - po (x) ST.,“ ("‘)

= LIVEATRIZIED ESTEIVL'S EQUATIONS:
i(%up)gs;é y :T‘ﬁ

A
L HUN. DiFF. OPERATOR, JEPENDS oW
BACKLROUND

e LINEAR EQUATION — EXPANMD SolUTiols
MODE FUNCTIONS

e N« (: MODETUNCTIONS = TLANE (DAVES

© TouRIER TRAFO: -f(.,) ng : JTth)



® SolVIRG THIS SET oF EQuATIOMS

=> EVOLWTION ToR EACH MODE SEPARATELY

® o
<
|\

. BUT: I (R, Ju O Tun CAN BE CHANLED

BY 7RELARELLING THE CooRdD/IVATES:

'
xﬂ_.xd

= TRIVIAL CHANLE (AN MAKE A smAL &7,

LARCE oR CENERATE A NED ComPONENT ...

- LAUCE AMBICUITIES!
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@ NEWToN
«CAN HANDLE PROBLEMS TFOR MOIES

WITH  TROPER WAVELENLTH < HUBILE RADIUS
e AT THIS (ENCTH SCALES: CR-EFFECTS uE
To CUWRVATUWRE OF SPACETIME MNECLICIBLE

e BRUT: AT VERY EARLY EPocC#S

PROPER WAVELENCTH > HUBBRLE TRADILS

2> NEWToN VALID FoR TmES ¢t>»t (\)

ENTER

THEN MoDE WELL MSIDE HUBBLE 7RADIUS
» EARLY EWLLTION ©OF ANY MoDE NEEDS

To BE TACKLED BY GR (..oR SALmawv..)

® o
[
=

NEWToN OINS IV THIS TALK!



® START ONCE ACAIN ...

5‘1&3 = -Y'—gé.:e -VJ‘(P' (JS-V);}.L‘)

Y

A
£ 8 . -vd7 5> &
& &
V"(.p = ‘fﬁ'Cf,J QQ) ?y
CeOITH: d = ‘g.
%253 (J' V

= L-DERWATIVE FoR O, Gomoving WITH
UNPERTURBED EXPANSION OF UUMIVERS

= (s 0E); . [89]; W, ((@HL’M_;

HEX =» [u,] = #d

*EQUATIONS N EWCLIDIAN CooRDINATES

- PROPER LENCTH WN(TS

=%

> HUBBLE EXPANSION EXPUCT THROUGH 72



SALTERNATIVE : LACRAVCIAN CooRDIVATES
PoSITioN OF PARTICLE WESN'T CHANGE OTH ¢
* EULERIAND AT SoME FIXED ¢, = LANCRANCIAN G
*LACRAMGLIAN (00, 3 CoMoVING Coo., LAREL & DHo
FoLlows HUBBLE EXPAMSION N ULPERTURBED UNIVE
e OL(CE ConsSIBER TPERTURBED WUNIVERSE :
EULER COORDINATES /o le) $ LANLRANCIAN (o0
* LRAVITY CAUSES NON-UMIFoRM USTRIBUTION OF
PARTICLES To GROW WCREASINGLY IRRECULAR
= MATTER DISPLACED WR.T. UNIFORMLY EXPAMDING
BACKCROUND
¢ DISPLACEMENT MaST JRECT SICNATURE
OF INHoOMmoCENEITY

=> CoMmoVING UNLTS |



COONRDIMATES
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eDETINE : COMOVING QUADT(TIES
3 (&) = a(t) &)

3O (&) = alt)r &)

( c
Yo *o% =5V

o PLUEC IN...

0] (i‘*?%ﬁ-% V_;:-g

Fy

@ 4 --9
OITH: g- V:cp/a.

¢« THREE EQUATIONS FoR FouR VARIABLES

o NEED EQUATION OF STATE Uy %

e THINK OF TPLANE -WIAVE DSTURBANCE

Vi) — e (2)

-b 542 J J(‘H"C:. U;k‘)

J—

CRAVITATIONAL AMPLITICATION OF PERTURBA
TONS



RADIATION TDOMINATED WWIVERSE

 EARLY EMOUGH TIMES: RADIATION DoMINATED
Us* cff  ANALYSIS so TAR: Uy
AT THIE PoivT: EINSTE(L RIGHT
-BWT: FIELDS ARE STILL WEAK o
¢ ComBINE : SPECIAL RELATWVITY TFLWID DYNAMICS

+ NEWToNIAN CRAVITY

+ RELATIVISTIC SoURCE TeERM

+ ?\»A;
tpef/3
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SoLuTioNds FoR  &(t)
¢ @~ £ ToR MATTER AWD RADIATION TR N2+ |
e Tollows FRom N = 8;::!_. 8"63- ( ) = |
e MATTER: ant ™~ = a= 3&™ w(&):(5¢)
-» 476 ¢, = -3'2?.
e RADIATION: @~ £ = a4 - —i."' » (9") (?t)
S -gnC.g, 'L
e FoR AN A; (p NECLIGIBLE conPaRED To GRAVITY):

T 1
—‘3'*6 "‘ : Cav BE [GNORED

> EVERY TerM W €EQS. TR & IS
PRoPoRTIONAL To &, d,d, t
>  PoWERLAL SoLwTiow'!

ANSATR: d~t



£, 2
e MATTER : d + o Ty d=0

= CRoWING MODE: |4~ R "“"l

DECAYING MODE: & ~ ¢’

® RADIATION : J + "'J - -J -0

»» CQROWINC MODE : LJ"*'_‘LL"’

DECAYINE MODE: d~ ¢
» COMBINE MATTER [RADIATION VIA "
’1’8‘%: MATTER '1“#' « 3¢ Wwdh

LANATION 1:)!& - Zt'lz ~ d"!

.'L

-0 IvlznoJ




V. CovclLusSIons

® SIMPLE JEANS- ANALYSIS |LEADS To

(NSTABILITY | EXPONENTIAL CROWTH

OF FLUCTUAT(ONS

e TAKINCG EXPANSION (NTo AllouwT

PoWERLAL CTRoWTH

© HERE: ONLY ToOY- LODELS !
WITH NEWTon: £t _ .o ()

s MORE PHYSICS :  NEXT WEAK I

Npe «T
TO/_%



